The mechanisms governing tree mortality in surface fires are poorly understood, owing in large part to the absence of a process-based framework for defining and evaluating these mechanisms. This paper begins the development of such a framework by deriving a first-order process model of tree mortality in surface fires (intensities less than approximately 2500 kWÁm -1 ). A buoyant line-source plume model is used to drive heat transfer models of vascular cambium and vegetative bud necroses, which are linked to tree mortality using an allometrically-based sapwood area budget. Model predictions are illustrated for white spruce (Picea glauca), lodgepole pine (Pinus contorta), and trembling aspen (Populus tremuloides) and are compared with independent mortality data for Engelmann spruce (Picea engelmannii Parry ex Engelm.) and Pinus contorta Dougl. Results help define first-order mortality mechanisms and suggest second-order mortality mechanisms that should be incorporated into future modeling efforts.
Introduction
Tree mortality in surface fires has traditionally been modeled using logistic regression, which derives a continuous probability function from binary mortality data and a suite of covariates that characterize fire behavior, fire effects, and (or) tree size (Appendix A, Table A1 ). While this regression approach has been useful for describing the probability of mortality within particular data sets, it has several limitations that can hinder progress towards a more mechanistic understanding. For example, this approach cannot explain why or how the covariates cause mortality. In many cases, the covariates may be correlates of mechanistic variables, so their use in regression models can confound results and obscure causal processes. This approach does not require consideration of the functional relationships between covariates, and additional covariates cannot be included into the model as the processes become better understood. Finally, the models are not general, so a different model is required for every individual situation (e.g., see Appendix A, Table  A1 ).
An alternative process approach seeks to define and evaluate the causal mechanisms that link fire behavior and tree mortality. The mechanisms are defined in terms of heat transfer, mass transfer, and fluid mechanics models (Fay 1994; Incropera et al. 2006 ). The models are constructed in a modular fashion, so the functional relationships between variables are clearly defined and processes can be included or refined as they become better understood. Because the mechanisms are the same for any tree in any surface fire, the models are general but may have to be parameterized for different species, seasons, or weather conditions.
Tree mortality in surface fires is the result of several complex coupled mechanisms Parker et al. 2006) . These mechanisms can be classified as first-or second-order. First-order mechanisms control ''direct'' fire effects like heat transfer and the resulting tissue necroses. Second-order mechanisms result from first-order mechanisms and control ''indirect'' fire effects like altered physiology, insect attack, and pathogenic infection. Both classes of mechanisms are poorly understood, partly because the field lacks a theoretical framework for defining and evaluating the mechanisms. Therefore, the purpose of this paper is to suggest a simple first-order process model that can provide a general framework for the development of a more complete tree mortality model. The objectives are to: (i) define mechanisms of vascular cambium and vegetative bud ne-croses using physical models of surface fire plume behavior, heat transfer through bark, and heat transfer into vegetative buds; (ii) link vascular cambium and vegetative bud necroses to tree mortality using an allometrically-based sapwood area (SA) budget; (iii) illustrate model predictions for white spruce (Picea glauca), lodgepole pine (Pinus contorta), and trembling aspen (Populus tremuloides); and (iv) evaluate model predictions using independent experimental data for Englemann spruce (Picea engelmannii Parry ex Engelm.) and Pinus contorta Dougl. We would like to stress that although the cambium (Rego and Rigolot 1990 ) and bud (Michaletz and Johnson 2006a ) components of the model have been validated, they have not been not been linked together and validated in the field for a whole tree. Here we evaluate the entire model using what we believe to be the best available data set .
Models
We begin by considering a tree as a population of meristems (Harper 1977; White 1979) . Most trees have apical and lateral meristems. Apical meristems are contained in vegetative buds and produce branches, buds, foliage, cones, and (or) flowers. Lateral meristems are contained in the vascular cambium and produce xylem and phloem vascular tissues. In a surface fire, heat transfer from the flaming fireline and plume can cause meristem necrosis by protein denaturation, which occurs at approximately 60 8C (Rosenberg et al. 1971; Dickinson and Johnson 2004) . As a first approximation, tree mortality can be assumed to result from cambium necrosis around the entire circumference of the bole and (or) necrosis of all vegetative buds in the crown Gill 1995) . Necrosis of other tissues and organs (e.g., foliage, fine roots, xylem parenchyma, and (or) phloem) can alter tree physiology and contribute to mortality as well, but these second-order mechanisms are not presently considered because surviving meristems can regenerate injured tissues and organs. Thus, the model considers four processes linking fireline combustion and tree mortality ( Fig. 1 ): (i) plume buoyancy, (ii) conduction through the bark to the vascular cambium, (iii) convection to vegetative buds, and (iv) vascular transport processes that drive tree form. Buoyant plume theory is used to estimate the vertical plume temperature (T p ) distribution that will drive heat transfer to the vascular cambium and vegetative buds. Heat transfer theory is used to calculate the depth of vascular cambium necrosis and height of vegetative bud necrosis. Tree allometry models are then used to link cambium and bud necroses to tree mortality.
Fire T p distribution
For a line-source plume in a quiescent atmosphere (no wind), the height-dependent maximum mean buoyancy, a z , can be characterized as
where C is the plume proportionality constant, z is height, g is gravitational acceleration, I is fireline intensity, a is ambient air density, c a is the specific heat capacity of air at atmospheric pressure, and T a is ambient temperature (cf. Raupach 1990; nomenclature defined in Table 1 ). a z is a function of the temperature rise above T a ,
where T p is dependent on height.
Substituting eq. 2 into eq. 1 and rearranging gives T p as
Because this similarity analysis fails at heights comparable with the fireline width (Raupach 1990) , T p is constrained to a maximum flame temperature of 900 8C so that
This maximum flame temperature agrees with experimental Table 1. measurements (800-1000 8C; Weber et al. 1995; and is well below theoretical estimates of adiabatic temperatures for forest fuels (& 1325 ± 100 8C; Drysdale 1999) . Note that the present derivation assumes a constant top-hat temperature profile across the plume width (Mercer and Weber 2001) . The relatively simple model used here was chosen to capture the most fundamental physical processes underlying T p distributions. Readers interested in more detailed plume models that consider processes like combustion, wind, and time dependency of temperature should consult Albini (1981) , Mercer and Weber (1994) , and Mell et al. (2007) .
Vascular cambium necrosis (bole girdling)
Vascular cambium necrosis is a one-dimensional transient conduction problem characterized by Fourier's law
where T is temperature, x is radial position (bole depth), a is thermal diffusivity of bark, and t is time (cf. Spalt and Reifsnyder 1962; Incropera et al. 2006 ). Solving eq. 5 using the initial condition T(x,0) = T a and boundary condition T(0,t) = T s for t > 0 yields
where T(x,t) is the radial temperature distribution, T s is the bark surface temperature, and erf is the error function. The radial bole necrosis depth, x n , is calculated by defining T(x,t) = T(x n ,t r ) = T n and T s = T p , so that eq. 6 can be rewritten as
where T n is the meristem necrosis temperature. Note that the T s = T p definition implicitly accounts for radiation and convection processes linking plume and bark surface temperatures. The first term in eq. 7 can be nondimensionalized by introducing the excess temperature ratio q, which is used here as a measure of T p relative to T n and T a
Substituting eq. 8 in eq. 7 gives (Gill et al. 1986; Gutsell and Johnson 1996; Dickinson and Johnson 2004 )
which can be rearranged to give x n as
where t r is the fireline reaction (residence) time (Nelson 2003) and erf -1 is the inverse error function.
Vegetative bud necrosis (crown scorch)
Vegetative bud necrosis is characterized using a lumped capacitance analysis, which equates the rate of convection heat transfer to the bud surface with the rate of internal heat accumulation (Michaletz and Johnson 2006a )
where h is the average heat transfer coefficient, A is the wetted (convective) surface area, T is the bud temperature, is the bud mass density, c bu is the specific heat capacity of the bud, V is the bud volume, and dT / dt is the rate of internal temperature change. Integrating from initial conditions T = T a at t = 0 and rearranging yields
Defining T = T n and substituting eq. 8 in eq. 12 gives
To estimate the bud necrosis height, z n , we define T p = T c and rearrange eq. 3 to yield (Michaletz and Johnson 2006a )
The critical T p required for bud necrosis, T c , is obtained by rearranging eq. 12 and defining T p = T c and t = t r , so
where q = exp(-hA / cV)t r (eq. 13).
Linking cambium and bud necroses to tree mortality
Tree mortality is quantified by the mortality number, M, which is the proportion of necrotic buds in the crown. Whole-tree mortality (M = 1) can result from bole girdling and (or) complete crown scorch. Note that the interactions between partial bole girdling and partial crown scorch may also lead to mortality (M = 1), but this is not considered in the present derivation. When whole-tree mortality does not occur (M 1), M expresses the proportion of crown scorch. M is thus given by
where N n is the number of necrotic vegetative buds, N t is the total number of vegetative buds in the crown, and x ba is the basal bark thickness. The Heaviside step function U(x n / x ba ) acts as a ''switch'' to turn bole girdling on or off:
When x n (eq. 10) is greater than or equal to x ba , the bole is girdled (U(x n / x ba ) = 1) and tree mortality occurs (M = 1). When x n is less than x ba , the bole is not girdled (U(x n / x ba ) = 0) and M is given by the proportion of crown scorch N n / N t (M 1).
To facilitate analysis, x ba and N t from eq. 16 can be related allometrically. We build from the pipe model, which predicts tree form by assuming that a unit of leaf area (LA) is supported by a unit of cross-sectional SA (Shinozaki et al. 1964) . In other words, the pipe model assumes that the Huber value (SA:LA) is constant throughout a tree, so that estimates of SA at any point along the bole can be used to calculate the distal LA. We add to this assumption the additional assumption of a constant ratio of LA to number of buds (LA:N bu ). Thus, by substitution, a constant ratio of SA:N bu is assumed. Equation 16 can then be rewritten as
where SA n is the bole SA at z n and SA lcb is the bole SA at the height of the live crown base. SA is an appropriate framework for modeling tree form because resource distribution is considered a fundamental process driving allometric patterns (e.g., Shinozaki et al. 1964; Patterson 1992; West et al. 1999; Dreyer and Puzio 2001; Banavar et al. 2002; Niklas and Spatz 2004) . The scaling of x ba with SA taper can be described using well-established allometric relationships. Bark thickness, x, scales linearly with bole diameter, D, as
with slope a and intercept b  although for curvilinear relationships see Gill and Ashton 1968; Harmon 1984) . Bole SA scales with D according to
where B is a normalization constant and n is a scaling exponent (West et al. 1999) . D at any height is related to the diameter at breast height D 1.3 by
where d z is the diameter inside bark at z, d 1.3 is the diameter inside bark at z = 1.30 m, and Z is tree height (Newnham 1991) . The scaling exponent 1 / (exp F) varies continuously along Z to account for height-dependent changes in bole form (neiloidal, paraboloidal, or conical) . Z scales with D 1.3 according to Niklas and Spatz 2004) . Together, these allometric relationships can describe the scaling of x ba with SA taper in boles.
Methods
Cambium x n and critical D 1. 3 x n values are calculated (eq. 10) for P. glauca, P. contorta, and P. tremuloides across a range of intensities typical of surface fires. A constant t r = 30 s was assumed for all calculations. This is an approximate mean for surface fires that combust fine fuels (Albini 1985; Burrows 2001) , which have t r values (Nelson 2003 ) of approximately 30 s (Anderson 1969; Burrows 2001; Taylor et al. 2004) .
To calculate q (eqs. 8 and 10), T n was taken as 60 8C (Rosenberg et al. 1971; Dickinson and Johnson 2004) and T a was taken as 25 8C. T p was obtained from eq. 4 in which C was taken as 2.6 (Yuan and Cox 1996) , z as 0.1 m, g as 9.8 mÁs -2 , a as 1.169 kgÁm -3 (power function fit to handbook data; Incropera et al. 2006) , and c a as 1.007 JÁkg -1 Á8C -1 (fifth-order polynomial fit to handbook data; Vargaftik 1975) . I was varied from 0 to 2500 kWÁm -1 . This range is typical of surface fires and was chosen because crowning begins above approximately 2500 kWÁm -1 (Van Wagner 1977; Johnson 1992) . Given these parameter estimates, eq. 4 predicts a constant T p of 900 8C regardless of I, an intuitive result since flame temperatures are essentially constant and flaming combustion occurs at z values of 0.1 m for 0 < I 2500 kWÁm -1 . Note that as a first approximation T p was not constrained to allow for evaporation or combustion processes that may occur in bark.
Bark thermal diffusivity a is given by
where k is bark thermal conductivity, is bark mass density, and c b is the specific heat capacity of the bark at constant pressure. k was calculated as (Martin 1963 )
with T = 25 8C. b is given by
where m d is the cured mass (oven-dried at 90 8C to a constant mass) and V f is the volume at field water content. b values were taken as 453.32 kgÁm -3 for P. glauca, 536.62 kgÁm -3 for P. contorta, and 578.27 kgÁm -3 for P. tremuloides (Millikin 1955) . The moisture density, m , is given by
Water content, W (proportion dry mass), was calculated as
where m f is the mass at field water content. Bark water content during a fire event will generally be lower than the seasonal mean because bark and fine fuel water contents are controlled by the same processes (Viney 1991; Matthews 2006) . However, in the absence of the meteorological data required to calculate fine fuel moisture (Matthews 2006 where the specific heat capacity of water, c w , is 4180 JÁkg -1 Á 8C -1 and T is 25 8C (Martin 1963 ).
x n values were used to estimate the critical D 1.3 for each species. The basal diameter, D 0.1 , was first estimated by defining x n = x ba and using eq. 19, where constants a and b are tabulated in Table B1 (calculated from . Critical D 1.3 was then estimated from D 0.1 using eq. 21 (F functions are tabulated in Table B2 ; Newnham 1991) with eq. 19 (Table B1 ) and eq. 22 (constants B and n are tabulated in Table B3 ; Peng 1999).
z n and vertical bud distributions
First, z n is calculated for P. glauca, P. contorta, and P. tremuloides, then SA taper is used to estimate vertical bud distributions and proportion of bud necrosis. z n is estimated using eq. 14 with the plume parameter values used above for cambium x n . T c values were calculated using eq. 15, in which T n = 60 8C (Rosenberg et al. 1971; Dickinson and Johnson 2004) and q was calculated using eq. 13 with inverse thermal time constant, hA / cV, values from Table B4 (Michaletz and Johnson 2006a) . hA / cV values were obtained from P. glauca and P. contorta or calculated using methods of Michaletz and Johnson (2006a) for P. tremuloides. The values used are means calculated over the entire fire season and in different canopy positions (i.e., low and high light regimes). Heat transfer coefficients, h, were calculated using convection correlations for foliated conifer buds (P. glauca and P. contorta; Michaletz and Johnson 2006b ) and cylinders (corresponding to the leafless or dormant stage; P. tremuloides ; Hilpert 1933) , assuming a constant plume velocity of U = 5.0 mÁs -1 . Leafless P. tremuloides were used here because convection correlations are not available for buds shielded by broadleaves; note that the model is still applicable to broadleaf species in the foliated stage, provided appropriate convection correlations are used.
Vertical bud distributions were calculated from SA taper. SA taper is an effect of branching and thus reflects crown form. SA taper can be expressed as a cumulative survival distribution
½29
SðzÞ
Here, SA z is the SA at z and SA lcb is the SA at height of live crown base, z lcb , which is given by
To estimate z lcb , mean (± SEM) live crown ratio (LCR) values were calculated from BOREAS data sets (P. glauca 0.85 ± 0.07, N = 8; P. banksiana 0.62 ± 0.02, N = 163; P. tremuloides 0.34 ± 0.01, N = 210; Gower and Vogel 1997; Rich and Fournier 1997) . To obtain SA values, SA z and SA lcb in eq. 29, eq. 21 was rearranged to give inside diameter, d z , as
where F functions are tabulated in Table B3 (Newnham 1991) . d z was then used to estimate outside diameter, D z , by rearranging eq. 19 so that
where constants a and b are tabulated in Table B1 (calculated from . SA z and SA lcb were then calculated from D z and D lcb using eq. 20, where B and n values (Table  B5) were estimated by Model II reduced major axis regression (Sokal and Rohlf 1995) on log-transformed bole dia-meter and SA data (obtained from R.J. . Analyses were performed using (S)MATR computer software (Falster et al. 2003) . Assuming a constant SA:N b ratio (see Models section above) and horizontal branching, the vertical bud distribution N b /N total is given by the cumulative mortality distribution
Tree mortality predictions Tree mortality is estimated using eq. 18, which links vascular cambium necrosis (bole girdling) with vegetative bud necrosis (crown scorch proportion). Results are plotted as mortality surfaces, which relate D 1.3 , I, and the proportion of necrotic vegetative buds, M.
Vascular cambium necrosis is estimated by comparing radial x n with x ba . For a given D 1.3 , x ba was estimated using eqs. 19, 21, 22, and 32 with parameter estimates from Tables B1, B2, and B3. x n was calculated using eq. 10 with the same plume and bark parameter values used above for calculating cambium necrosis and critical D 1.3 . Simulations were then conducted for t r values of 10, 20, 30, 40, 50, and 60 s.
The proportion of vegetative bud necrosis (crown scorch) is estimated by comparing the bole SA at z n , SA n , with the bole SA at crown base height, SA lcb . SA n is estimated by first defining z as z n (eq. 21) to give the diameter inside bark at necrosis height, d n . Equation 32 is then used to estimate outside diameter at necrosis height, D n , and finally eq. 20 is used to estimate SA n . SA lcb is estimated in the same manner, after defining z as z lcb (eq. 30).
Model evaluation
A rigorous statistical validation requires the measurement of T a (eqs. 4 and 10), bark water content (to calculate a in eq. 10), I (eq. 3), t r (eq. 10), bud hA / cV (eq. 14), bark thickness allometry (eq. 19), SA allometry (eq. 20), bole taper (eq. 21), Z (eq. 22), z lcb (eq. 30), and M (proportion of necrotic buds). To minimize the confounding effects of second-order mortality mechanisms, mortality should be censused as soon as possible following the fire event. Unfortunately, we are not aware of any data sets that contain all of these required variables (see Appendix A, Table A1 ). Furthermore, because investigators are generally concerned with long-term effects, mortality is typically censused up to several years following the fire event.
Given the lack of suitable data for statistical validation, we evaluated the model using a weaker test that compared predictions for P. glauca and P. contorta with surface fire mortality data for P. engelmannii and P. contorta (obtained from K.C. . Data were not available for P. tremuloides. For each tree, available data included D 1.3 , foliage necrosis height (visual estimate), foliage necrosis proportion (visual estimate), and postfire status (alive or dead; P. engelmannii censused for 3 years postfire, and P. contorta censused up to 8 years postfire). Model predictions were based on the plume and tree parameter estimates described above for tree mortality predictions because site-and species-specific parameter estimates were not available. A t r value of 30 s was assumed, which is an approximate mean value for surface fires (Anderson 1969; Burrows 2001; Taylor et al. 2004) . I was estimated from foliage necrosis height (Van Wagner 1973) because variables required for calculation (linear spread rate and combusted fuel mass per unit area) or correlation (flame length) were not available. M was taken as 1 for trees with ''dead'' status and as the proportion of foliage necrosis for trees with ''alive'' status (M was not available). Note that mortality was censused several years following the fire events, so observed values of M are confounded by second-order mortality mechanisms that are not currently considered by the model. Mortality data were then plotted with model predictions for 0 < I 2500 kWÁm -1 .
Results
Cambium x n and critical D 1. 3 Cambium x n values and corresponding critical D 1.3 values for 0 < I 2500 kWÁm -1 are shown in Table 2 . For each species, x n and critical D 1.3 are constant with I because T p is 900 8C at z = 0.1 m. x n is greatest for P. glauca, followed by P. tremuloides and P. contorta, but because of differences in bark thickness relationships (Table B1 ) and bole taper exponents (Table B2 ), the critical D 1.3 is largest for P. glauca, followed by P. contorta and P. tremuloides. z n and vertical bud distributions z n is greatest for P. tremuloides, followed by P. glauca and P. contorta (Fig. 2) . Populus tremuloides has the highest z n because it has relatively small buds that are not shielded by foliage, resulting in a relatively large hA/cV value (low T c ; Table B4 ). Pinus contorta has the lowest z n because it has relatively large buds that are shielded by long, densely packed foliage (Michaletz and Johnson 2006b ), resulting in a relatively small hA/cV value (high T c ; Table B4 ). Power function fits to predicted data (P. glauca, z n = 0.100 I 2/3 ; P. contorta, z n = 0.073 I 2/3 ; P. tremuloides, z n = 0.183 I 2/3 ) reflect the 2/3 power scaling of T p with I from eq. 14 (Van Wagner 1973; Michaletz and Johnson 2006a) .
For a given z n , the proportion of bud necrosis can be estimated using cumulative vertical bud distributions derived from SA budgets (Fig. 3) . Taper exponents are also plotted in Fig. 3 . Recall that the vertical bud distribution, N b /N total = Note: x n calculated using a for bark and assuming t r = 30 s. Critical D 1.3 calculated assuming x n = x ba . Nomenclature is as defined in Table 1. 1 -(SA z /SA lcb ). Results are plotted over normalized height (z -z lcb ) / (Z -z lcb ) to allow comparison between species and size classes. For P. glauca, SA taper and vertical bud distributions vary with height. The highest taper exponents are found at the bottom of the crown, indicating that the bottom has more buds per height increment than the top (considering only apical meristems at the ends of branches and not epicormic buds on the bole). SA taper and vertical bud distributions also vary with tree size (D 1.3 ), changing from approximate linear functions (SA taper exponent n SA /exp F & 1) to nearly quadratic (n SA /exp F & 2) as size increases. This indicates that as a tree grows in size, proportionally more buds are found in the bottom of the crown as compared with smaller trees. Similar results are observed for P. contorta, although the highest taper exponents are generally found at the top of the crown, which has more buds per height increment than the bottom. SA taper and vertical bud distributions also vary with size, changing from approximately linear (n SA /exp F & 1) to borderline linear and (or) quadratic (n SA /exp F & 1.6) as size increases. Thus, as a tree grows in size, proportionately more buds are found in the bottom of the crown as compared with smaller trees. For P. tremuloides, SA taper and vertical bud distributions are nearly quadratic (SA taper exponent n SA /exp F & 2) so that crown bottoms contain more buds per increment than crown tops. This trend is consistent across all size classes, indicating consistency in crown form throughout ontogeny.
Vertical bud distributions are also plotted over absolute height (Fig. 3 ) to illustrate differences among species and size classes and also to facilitate estimates of proportion of vegetative bud necrosis. Here, x-intercepts correspond to z lcb and N b /N total = 1 indicates the crown top Z. As expected on the basis of the LCR values (eq. 30), P. tremuloides always has the greatest z lcb value, followed by P. contorta and P. glauca. Picea glauca has the longest total crown length, whereas P. tremuloides has the shortest. Height trends are less consistent, as expected on the basis of height scaling constants (Table B3 ). The cumulative bud distribution plotted on absolute height also provides a convenient method for estimating the proportion of bud necrosis (crown scorch).
The proportion of vegetative bud necrosis can be easily estimated from Fig. 3 by finding z n (eq. 14; Fig. 2 ) on the horizontal axis and constructing a vertical line that intersects the cumulative bud distribution. The value on the vertical axis that corresponds to this intersection will give the proportion of bud necrosis.
Tree mortality predictions
Predictions for P. glauca, P. contorta, and P. tremuloides are plotted as mortality surfaces in Fig. 4 . Surface discontinuities (from M = 1 to M < 1) reflect the Heaviside step transition from bole girdle mortality to crown scorch. Bole girdling was the primary mechanism of tree mortality for all species. Within a species, the critical D 1.3 is constant for these I values (Table 2) because T p = 900 8C at z = 1 for all intensities (eq. 4). For given I and t r values, P. glauca and P. contorta have larger critical D 1.3 values than P. tremuloides, as expected on the basis of x scaling and bole taper (Tables B1 and B2; Table 2 ).
As D 1.3 increases (Table 2 ), x ba increases until it is thick enough to prevent vascular cambium necrosis (this occurs at the critical D 1.3 ; Table 2 ). Beyond this critical D 1.3 , M is given by the proportion of bud necrosis (crown scorch). Bud necrosis only resulted in tree mortality (M = 1) for leafless P. tremuloides with relatively small D 1.3 values (and low height) at relatively higher surface fire intensities (I 1500 kWÁm -1 ). The D 1.3 of leafless P. tremuloides that are killed by crown scorch increases with t r , so that for high intensities at t r 20 s, D 1.3 for P. tremuloides may actually be larger than D 1.3 for P. glauca and P. contorta.
Along D 1.3 isolines, vertical bud distributions are constant, but I varies, so variation in M results from variation in z n (Fig. 2) combined with slopes of cumulative vertical bud distributions within D 1.3 classes (Fig. 3) . Along I isolines, z n is constant but cumulative bud distributions vary, so variation in M is a sole result of variation in cumulative bud distributions among D 1.3 classes.
For P. contorta, M does not vary along D 1.3 isolines (Fig. 4) because bole girdling always occurs before vegetative bud necrosis. This is due to the relatively high heat resistance of buds (Table B3) , relatively low z n values (Fig. 2) , and thin bark that permits vascular cambium necrosis (Table  B1) . Pinus contorta also has a LCR that elevates buds above the forest floor and lethal T p values (Fig. 3) . Variation in M is observed along I isolines (Fig. 4) , and this variation reflects the Heaviside step transition from vascular cambium necrosis (bole girdling). These critical D 1.3 values increase with t r (Fig. 4) .
For P. glauca, M varies along D 1.3 isolines (Fig. 4) because vegetative bud necrosis occurs in almost all D 1.3 classes in all fires, with the exception of very large trees at low I values. Vegetative bud necrosis occurs because relative to P. contorta, P. glauca has less heat resistant buds (Table  B3 ) and a larger LCR so that buds are lower to the ground and closer to lethal T p values (Fig. 3) . Variation in M is also observed along I isolines (Fig. 4) , reflecting both variation in cumulative bud distributions among tree size classes (Fig. 3) as well as the Heaviside transition from cambium necrosis to crown scorch. Critical D 1.3 values and proportion of bud necrosis increase with t r (Fig. 4) .
In P. tremuloides, both D 1.3 and I have strong effects on Table 1 .
Fig. 4. Mortality surfaces for Picea glauca, Pinus contorta, and
Populus tremuloides (10 tr 60 s) and experimental mortality data (*) for Picea engelmannii and Pinus contorta. Surface discontinuities reflect the Heaviside transition from bole girdling to vegetative bud necrosis. M, proportion of necrotic buds; D 1.3 , diameter at breast height (cm); I, fireline intensity (kWÁm -1 ). Nomenclature is as defined in Table 1 .
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M, as demonstrated by steep slopes along I and D 1.3 isolines (Fig. 4) . Variation along D 1.3 isolines is because of high rates of change with height in vertical bud distribution within a D 1.3 class, whereas variation along I isolines is because of differences in the cumulative vertical bud distribution among D 1.3 groups (Fig. 3 ). These differences mean that a slight increase in z n represents a large proportional change in bud distribution and, thus, a large change in M. Critical D 1.3 values and proportion of bud necrosis increase with t r (Fig. 4) .
Model evaluation
Experimental mortality data for P. engelmannii and P. contorta are plotted with mortality surfaces for P. glauca and P. contorta (Fig. 4) . For P. glauca and P. engelmannii, there is good agreement at lower D 1.3 , with the exception of two points (D 1.3 < 20 cm and I < 500 kWÁm -1 ), which had much lower M than expected. However, for D 1.3 larger than the critical D 1.3 (Table 2) , M was much higher than expected. In many cases, M = 1 and the entire tree was dead although the model predicted roughly 0.3 M 0.5. Similar results were observed for P. contorta. At lower D 1.3 there was good agreement between predictions and observations, although there were several points for small D 1.3 and low intensities where M was much lower than predicted. There were also several points (D 1.3 slightly larger than critical for I > 1500 kWÁm -1 ) where M = 1 but the model predicted M = 0.
Discussion
This paper derives a first-order process model of tree mortality in surface fires. The present derivation is by no means a comprehensive model, but it offers insights into causal mechanisms that cannot be achieved with traditional logistic regression models. It also highlights a need within the field for data required to test models of this type. Here we discuss examples of how the model can provide insight into causal mechanisms and how this process-based framework can be extended in future modeling studies.
One issue that the process model can provide insight into is evaluation of the relative roles of bole and crown injuries in tree mortality. Results of regression analyses generally suggest that there is no good rule of thumb. For example, several studies on Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) have shown that crown injury is more important Wyant et al. 1986; , but others have shown that bole injury is more important ). The process model suggests that the differences between studies result from differences in fire behavior, thermophysical properties of bark and buds, or allometry. The process model has not been parameterized for P. menziesii, but for P. glauca, P. contorta, and leafless P. tremuloides; the model predicts that cambium necrosis is more important than bud necrosis for mortality (Fig. 4) . However, it is important to note that at higher fireline intensities (I 1500 kWÁm -1 ), vegetative bud necrosis caused mortality in some P. tremuloides on which the bole was not girdled (Fig. 4) . This shift in the relative roles of bole and crown injuries on P. tremuloides mortality has also been observed experimentally ; in high ''severity'' fires immediate mortality occurred (attributed to crown scorch), whereas in low and moderate ''severity'' fires mortality occurred over 2 years following the fire event (attributed to bole girdling). Thus, the relative roles of bole and crown injury in tree mortality are not static, and the process model identifies causal variables that should be considered when evaluating the roles.
The process model can also help provide a better basis for ranking resistance (tolerance) of trees to fires. Fire resistance rankings are typically sketchy at best because (i) fire resistance lacks a consistent definition, (ii) fire effects vary seasonally owing to weather conditions and phenological stage, and (iii) it is difficult to obtain equivalent fire behavior characteristics across species. Hence, rankings have traditionally been based on qualitative morphological characteristics thought to influence mortality in fires, such as bark thickness, crown and root form, epiphyte density, and tree density (Starker 1934; Brown and Davis 1973; Minore 1979) . Based on these considerations, it has generally been concluded that P. tremuloides and P. glauca have low fire resistance, whereas P. contorta has moderate fire resistance (although the relative rankings have been noted to vary geographically). More recent data from a passive crown fire suggest that P. tremuloides is less fire resistant than P. mariana and P. banksiana, which are equally resistant .
Ostensibly, these rankings appear to agree with process model predictions (Fig. 4) . For relatively high fireline intensities (I & 2500 kWÁm -1 , e.g., a passive crown fire), leafless P. tremuloides is less resistant than P. glauca and P. contorta, which are relatively equally resistant (Fig. 4, Table 2 ). However, the ranking changes at low fireline intensities, where P. tremuloides is the most fire resistant, followed by P. contorta and P. glauca. Why do fire resistance rankings vary with I? At higher intensities, P. tremuloides is less resistant because although it has the lowest critical D 1.3 (most resistance to bole girdling; Table 2 ) it also has small, leafless buds that provide little resistance to heat transfer (Table  B3) . These higher intensities result in a z n value that is greater than Z, which causes necrosis of all of the buds in the crown (Figs. 2, 3, and 4) . At lower intensities, z n is not great enough to kill all of the buds in the crown, and P. tremuloides has thicker bark than P. glauca and P. contorta, resulting in a larger D 1.3 . Thus, fire resistance rankings vary with fire behavior characteristics. Other confounding variables include tree size and allometry, thermophysical properties of bark and buds, phenological stage, and weather conditions, and such variables should be carefully considered in fire resistance rankings.
Although the individual processes that compose the model (Fig. 1 ) have been validated (Rego and Rigolot 1990; Yuan and Cox 1996; Michaletz and Johnson 2006a) , it is difficult to validate the entire mortality model because the required parameter estimates and mortality data are unavailable. To predict observed mortality data, the model requires parameter estimates for T a , I, t r , bark water content, bark thickness, bole taper, SA, Z, LCR, and hA / cV of buds. Mortality (proportion of necrotic buds) must also be censused as soon as possible following the fire event to minimize the confounding effects of second-order mortality mechanisms. Most studies have been interested in predicting long-term mortality; therefore, censuses have typically occurred several years following the fire event. Data censused in this way reflect a combination of first-and second-order mortality mechanisms, so it is impossible to distinguish the relative roles of the various mechanisms in causing mortality. This is apparent when process model predictions are compared with long-term morality data for P. engelmannii and P. contorta ( Fig. 4 ; . However, differences between predicted and observed values suggest processes that should be eventually incorporated into this process-based framework.
Fortunately, the modular construction of the process model permits inclusion or refinement of processes as they become better understood. The most obvious processes that contribute to the differences between predictions and data (Fig. 4) are altered carbon and water source-sink dynamics, which result from combined heat effects on foliage, roots, phloem, and (or) xylem. The process model presented in this paper was derived with the intention of eventually incorporating these processes. Incorporating the first-order processes should be relatively straightforward. Foliage necrosis can be modeled by a lumped capacitance analysis Johnson 2006a, 2006b ) and incorporated into the tree mortality model using foliage distributions obtained from Huber value estimates (Fig. 3) . Likewise, fine root necrosis can be modeled using a lumped capacitance analysis linked with an existing model of heat and mass transfer through soil (e.g., Campbell et al. 1995) . Necrosis of phloem and xylem ray parenchyma cells can be modeled using two-dimensional models of heat transfer in tree boles (Jones et al. 2004 ). However, predicting the second-order processes governing carbon and water budgets is a more complex problem that will require consideration of tree physiology processes.
The process model currently assumes that complete cambium necrosis occurs around the circumference of the bole. However, partial cambium necrosis is clearly common in low intensity surface fires, and fire scars are a good example of this (Gutsell and Johnson 1996) . Partial cambium necrosis can result from differences in bark thickness (e.g., plates vs. fissures) as well as circumferential variation in bole surface temperatures (Tunstall et al. 1976; Gutsell and Johnson 1996) . Although modeling variable heat transfer and cambium necrosis around the bole is straightforward, the effect of partial bole girdling on tree mortality is poorly understood. The small number of studies that have considered partial girdling by heat have found from little to no effect on mortality, although partial girdling did induce various physiological responses (Ducrey et al. 1996; Alonso et al. 2002) . How partial bole girdling interacts with root and foliage necroses to alter tree physiology remains unclear.
The present derivation of the model doesn't consider smoldering combustion of duff or its effects on the roots and bole. Smoldering is a combustion process that occurs without a flame and produces heat from slow oxidation of pyrolyzed fuel elements (Miyanishi 2001) . Smoldering combustion generally occurs after the passage of the flaming fireline and consequently is not directly related to I (Hartford and Frandsen 1992; Miyanishi 2001) . Smoldering combustion may be particularly important for mortality of species such as P. ponderosa, where it is thought that nearly 100 years of fire exclusion has resulted in abnormally deep layers of duff around large boles (Ryan and Frandsen 1991; Swezy and Agee 1991) . These deep layers of duff can support smoldering combustion for hours or days following passage of the flaming fireline, which can combust any fine roots located within the duff (Swezy and Agee 1991) and also conduct heat through soil and into the tree, where phloem and cambium necrosis can occur (Ryan and Frandsen 1991) . Including processes of smoldering combustion into the model will first require development of a model for smoldering combustion of duff. To our knowledge, a process-model of smoldering combustion of duff has not been published, although models for packed cellulosic materials (reviewed in Miyanishi 2001) should provide insight.
Clearly, the present derivation does not consider all of the mechanisms linking fire behavior and tree mortality, because our understanding of these mechanisms is limited by the lack of process-based framework for defining and validating potential mechanisms. Progress in this area will require moving from a reliance on logistic regression models towards general process-based models. This model provides the framework for this endeavor. Note: Log-transformed data from were fit using Model II reduced major axis regression .
